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Abstract 
The Neoproterozoic era (1000-540 Ma) contains sufficient evidence to propose large-scale glacial events 
and the emergence of the first animals. The Snowball Earth includes two main glacial events, the Sturtian 
(~720Ma) and the Marinoan (~635Ma). Cap carbonates deposited at the termination of the Marinoan 
glaciation are hypothesised to be archives for seawater composition and understanding environmental 
change at the end of the Neoproterozoic. The aftermath of the Marinoan glaciation is characterised by 
rapid deglaciation which is thought to have exposed glacial rock powder, promoting a pulse in silicate 
weathering. This pulse of weathering is suggested to have provided an influx of nutrients to the ocean 
possibly triggering evolution of early life, leading to the emergence of Ediacara biota. The objectives of 
this project are to investigate the environmental changes at the end of the Marinoan glaciation and the 
subsequent implications for the emergence of early life. To achieve this, lithium (Li) isotopes are used 
from cap carbonates of the Nuccaleena Formation in South Australia. Lithium isotopes in carbonates can 
be used as a proxy for riverine fluxes to the oceans, reflecting conditions of continental weathering. As 
these cap carbonates contain various amounts of detrital material, a leaching protocol is used to extract 
Li from the carbonate fraction only. The analysis of mineral abundances, major and trace elements and Li 
isotopes has provided evidence to suggest that low δ7 Li values recorded at the onset of deglaciation 
represent high weathering intensities. During this period of high weathering intensity, it is suggested 
through mineralogical analysis that there was an increased flux in clastic sediment, causing an increase 
in silicate mineral abundance at the onset of deglaciation. These high weathering conditions are 
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The Neoproterozoic era (1000-540 Ma) contains sufficient evidence to propose large-scale 
glacial events and the emergence of the first animals. The Snowball Earth includes two main 
glacial events, the Sturtian (~720Ma) and the Marinoan (~635Ma). Cap carbonates deposited 
at the termination of the Marinoan glaciation are hypothesised to be archives for seawater 
composition and understanding environmental change at the end of the Neoproterozoic. The 
aftermath of the Marinoan glaciation is characterised by rapid deglaciation which is thought 
to have exposed glacial rock powder, promoting a pulse in silicate weathering. This pulse of 
weathering is suggested to have provided an influx of nutrients to the ocean possibly 
triggering evolution of early life, leading to the emergence of Ediacara biota.  
The objectives of this project are to investigate the environmental changes at the end of the 
Marinoan glaciation and the subsequent implications for the emergence of early life. To 
achieve this, lithium (Li) isotopes are used from cap carbonates of the Nuccaleena Formation 
in South Australia. Lithium isotopes in carbonates can be used as a proxy for riverine fluxes 
to the oceans, reflecting conditions of continental weathering. As these cap carbonates 
contain various amounts of detrital material, a leaching protocol is used to extract Li from the 
carbonate fraction only. The analysis of mineral abundances, major and trace elements and Li 
isotopes has provided evidence to suggest that low δ7Li values recorded at the onset of 
deglaciation represent high weathering intensities. During this period of high weathering 
intensity, it is suggested through mineralogical analysis that there was an increased flux in 
clastic sediment, causing an increase in silicate mineral abundance at the onset of 
deglaciation. These high weathering conditions are suggested to have caused an impulse of 
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Chapter 1: Introduction  
The Neoproterozoic era marked a period in Earth’s history that is characterised by several 
large-scale glacial events and paved the way for the rise of the first complex life. One of the 
challenges is to understand what environmental changes led to the emergence of complex 
life. The Neoproterozoic consisted of two main large-scale glacial events, the Sturtian 
glaciation (~720Ma) and the Marinoan (~635Ma) (Hoffman et al., 1998, Hoffman and 
Schrag, 2002). These were initiated by an overwhelmingly high runaway albedo feedback 
(Hoffman and Schrag, 2002). This albedo feedback caused a large decrease in global 
temperatures which led to an expansion in tropical ice caps, therefore plunging Earth into a 
global ice age (Hoffman and Schrag, 2002). The Marinoan glaciation is identified as the 
biggest glacial event of the era and is the focus of this thesis. The aftermath of Snowball 
Earth is characterised by rapid deglaciation. Atmospheric CO2 accumulated throughout the 
Marinoan glaciation as volcanic activity released CO2 into the atmosphere, stimulating a 
climatic shift from glacial to greenhouse conditions causing widespread deglaciation(Shields, 
2005). Throughout the Snowball Earth, glacial erosion produced powdered material that was 
exposed during glacial melting. At the onset of deglaciation, it is hypothesised that there was 
a large pulse in chemical weathering as this glacial flour was readily weathered. These 
intense weathering conditions are thought to have supplied large influxes of nutrients to the 
oceans. Nutrient fluxes and increased organic carbon burial rates in the ocean during 
deglaciation is proposed to have caused a shift to more oxygen-rich environments (Planavsky 
et al., 2010). It is hypothesised that this oxygenation event and nutrient surplus in the ocean 
triggered evolution of early life, leading to the emergence of Ediacara biota. Lithium isotopes 
in marine carbonates can be used as a proxy for riverine fluxes to the oceans, reflecting 
conditions of continental weathering. 
The aim of this project is to investigate the environmental changes at the end of the Marinoan 
glaciation that could have provided potential implications for the emergence of early life. 
Lithium isotopes are used as a proxy for weathering intensity, as it is hypothesised that low 
δ7Li values in the ocean indicates intense weathering conditions on the continents. In order to 
investigate this, cap carbonates deposited at the termination of Marinoan glaciation are used 
as a record for the isotopic composition of the ocean. These cap carbonates are not pure 
carbonates and contain significant amounts of detrital material which could potentially 
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overprint the Li isotope composition of ocean. Therefore, a leaching protocol is used to 
extract Li derived from carbonates only  
Using these results, this project examined whether the end of the Snowball Earth triggered a 
pulse of chemical weathering which potentially supplied nutrients to the oceans possibly 
triggering the evolution of Ediacaran organisms.  
The objectives of this study addressed to investigate the overall aims are:  
i. Determine the ideal protocol to extract Li from carbonate fraction for samples that are 
not pure carbonates. 
ii. To consider the effect of mineralogical abundances on the δ7Li variation using X-ray 
Diffraction, as cap carbonates are not pure carbonates. 
iii. In order to access whether cap carbonates faithfully record the composition of the 
ocean, the role of diagenesis needs to be examine using major and trace elements.  
iv. Once the effects of mineralogy and diagenesis are assessed, an investigation is 
undertaken into whether variations in δ7Li in cap carbonates represent the variations 
in weathering intensity during the early Ediacaran. 
v. To investigate the potential link between silicate weathering at the end of the 




Chapter 2: Background 
2.1  Snowball Earth 
During the Neoproterozoic era, geological evidence provides support for widespread 
glaciation (Kirschvink, 1992, Hoffman et al., 1998). The Snowball Earth was initiated by an 
overwhelmingly high runaway albedo feedback which caused the global oceans to be almost 
entirely capped by ice (Hoffman et al., 1998, Hoffman and Schrag, 2002). As a result of 
Earths increasing albedo, global sea level fell, revealing continental shelves and inland seas 
(Hoffman and Schrag, 2002). As sea level fell and global ice sheets expanded, the global 
hydrological cycle began to breakdown. Once the majority of the Earth’s surface was 
completely capped with ice, the hydrological system completely shut down (Hoffman et al., 
1998). As this shutdown occurred, global sea ice expanded further causing a positive 
feedback on the Earth’s climate (Hoffman and Schrag, 2002). Consequently, a runaway 
albedo feedback caused a large decrease in surface temperature and an increase in tropic 
ocean ice caps plunged Earth into a global ice age (Manabe and Broccoli, 1985, Hyde et al., 
2000, Baum and Crowley, 2001, Hoffman and Schrag, 2002). In addition, the presence of 
more continents within the tropical latitudes could have amplified the glacial conditions 
through increased silicate weathering. As a result the atmosphere CO2 would have decreased 
further reducing global temperatures (Caldeira and Kasting, 1992, Hoffman and Schrag, 
2002). 
Palaeomagnetic evidence provides additional information to suggest that during the Snowball 
Earth there was low-altitude glaciation present at low latitudes (Sohl et al., 1999, Shields, 
2005). It is proposed that this glacial event was global and caused widespread iron-rich 
sediments to be deposited when sea ice capped the oceans (Young, 1988, Shields, 2005). 
These sediments provide geological evidence for widespread ocean anoxia, where deposition 
of iron oxides is a result of ferrous iron build up and ocean mixing between shallow oxic 
waters and deep suboxic water (Shields, 2005). The Neoproterozoic is marked by two 
extreme glacial periods, the Sturtian glaciation (~720Ma) and the Marinoan (~635Ma) 
(Hoffman and Schrag, 2002). The main glacial event in focus is the Marinoan glaciation; this 
is seen to have a direct association with cap carbonate precipitation which marks the end of 
the Snowball Earth (Shields 2005). The Marinoan glaciation is proposed to have lasted at 
least 3 Ma with a likely duration of 12 Ma (Bodiselitsch et al., 2005, Pierrehumbert et al., 
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2011). During the Neoproterozoic, large fluctuations of δ
13
C in carbonates have been 
documented however, since this era no large of δ
13
C fluctuations of this magnitude have been 
documented (Pierrehumbert et al., 2011).  
The predominant glacial events of the Neoproterozoic era both lie between two δ
13
C negative 
excursions (Fig. 1; Pierrehumbert et al., 2011). During the Marinoan glaciation, atmospheric 
CO2 accumulated gradually as volcanic activity released CO2. Atmospheric CO2 was able to 
accumulate as the hydrological, silicate weathering and photosynthetic cycles ceased to 
function at their regular rate (Shields, 2005). The combination of these factors caused an 
overall CO2 increase in the atmosphere triggering a rise in surface temperatures, resulting in 
widespread deglaciation. Once atmospheric CO2 levels hit critical concentrations, global 
environments shifted from glacial to greenhouse conditions (Hoffman et al., 1998). Increased 
amounts of water vapour in the atmosphere helped increase surface temperatures which 
therefore triggering this climatic shift (Hoffman et al., 1998). Throughout deglaciation, gas 
exchange between surface waters and atmospheric CO2 forced dissolution of carbonates and 
consecutively precipitation (Hoffman et al., 1998). Precipitation of cap carbonates were 
initiated by deep cold calcium-rich waters mixing with warm carbon-rich tropical waters 
(Morse et al., 1997, Hoffman and Schrag, 2002).  
In contrast to the Snowball Earth hypothesis, there is a study that suggests that the Earth was 
not entirely glaciated (Hyde et al., 2000). This study presented evidence that there were areas 
of open-ocean in equatorial latitudes. These open-oceans are proposed to have provided a 
refugium for metazoans during the cold climatic conditions of the Marinoan glaciation (Hyde 
et al., 2000). Support is given to these finding through the δ13C values bordering the 
glaciation, as these are not seen to be consistent with the near-abiotic ocean proposed in the 




Figure 1: The δ13C variation over the Neoproterozoic, demonstrating the negative excursions in relation 




2.2  Cap Carbonates  
After the Marinoan glaciation (~635Ma), deglaciation was rapid as temperatures rose 
exponentially due to the accumulation of CO2 in the atmosphere (Hoffman and Schrag, 
2002). The geological record after this glacial episode provided evidence for a widespread 
sequence of cap carbonates which is proposed to have precipitated during deglaciation. These 
cap carbonates are dolostone units that have been globally draped ~700-580 Ma (Fabre et al., 
2013). There are three different hypotheses proposed that provide explanations for the 
existence of global cap carbonates (Shields, 2005). 
(i) Canfield (1998) proposed that deep-ocean anoxia was caused by stagnation below the ice 
caps. These anoxic waters underwent upwelling during deglaciation and degassed their CO2 
loads. This released carbonate alkalinity, depositing calcium carbonate onto newly inundated 
shelves and basins. (ii) Alternatively, widespread flooding of terrestrial permafrost areas 
caused destabilisation of methane clathrates causing the releasing methane (Kennedy et al., 
2001, Jiang et al., 2003, Font et al., 2006). Sulphate reduction also occurred during this 
period causing anaerobic oxidation of methane, thus triggering an increase in carbonate 
alkalinity. This increase in alkalinity could have then instigating the widespread precipitation 
of cap carbonates. (iii) Finally in the Snowball Earth scenario it was proposed that, 
deglaciation was rapid due to the build-up of CO2 in the atmosphere, causing a shift to 
greenhouse conditions (Hoffman et al., 1998, Hoffman and Schrag, 2002). During this 
greenhouse environment, CO2 was transferred from the atmosphere into the ocean causing 
the precipitation of global cap carbonates in warm surface waters (Hoffman and Schrag, 
2002). These hypotheses promote extreme alkalinity fluxes into the ocean, yet none of these 
explain how this excess alkalinity from a point source could have been distributed 
globally(Shields, 2005). Furthermore, the consistent precipitation sequence of the cap 
carbonates succession has also been excluded from these hypotheses (Shields, 2005). 
For this reason, Shields (2005) proposes a model known as the Plumeworld hypothesis to 
explain the details left unanswered in other models. This Plumeworld hypothesis proposes 
that glacial melting was rapid due to rising global temperatures, therefore causing low 
latitudes glaciers to melt first. This rapid deglaciation released a meltwater plume which was 
discharged over dense saline water in the tropics. The large insertion of cold water resulted in 
the development of a buoyant plume that spread globally (Shields, 2005). Separation of the 
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deep-ocean and surface water was caused, possibly contributing to the precipitation of cap 
carbonates. In this hypothesis it is thought that cap carbonates were primarily formed via 
microbially mediated carbonate precipitation.  
The most recent model for cap carbonate precipitation was the shallow-ridge hypothesis 
(Gernon et al., 2016). This model proposes that widespread submarine volcanism provided 
Ca, Mg, P, Si and bicarbonate fluxes into the ocean during the break up of Rodinia (Gernon 
et al., 2016). This is suggested to have caused significant changes in seawater chemistry 
during Snowball Earth. Extensive hyaloclastite alteration beneath ice caps would have 
contributed to the saturation of Ca2+ and Mg2+ in the ocean during glaciation (Gernon et al., 
2016). This subsequently could have caused the precipitation of large volumes of cap 
carbonates on the seafloor. For each precipitation model, the sequential evolution of cap 
dolostone deposition has been interpreted as being either isochronous, semi-diachronous or 
diachronous (Fig. 2; Rose and Maloof, 2010).  
(i) Isochronous deposition suggests that both the base and top of a cap carbonate 
sequence is the same age (Fig. 2a). This depositional evolution can be directly 
related to gas-hydrate destabilization and methane oxidation model (Kennedy et 
al., 2001, Jiang et al., 2003).  
(ii) Semi-diachronous deposition illustrates that the base of a cap carbonate sequence is 
diachronous while the top remains isochronous (Fig. 2b). The Plumeworld 
hypothesis can be used as to explain this depositional model, as microbially 
mediated precipitation of carbonates occur at the beginning while abiotic 
precipitation appears later (Shields, 2005).  
(iii) Diachronous deposition on the other hand insinuates that the base and top of the cap 
carbonate unit varies in age depending on the elevation during deposition (Fig. 2c). 
An example of this depositional evolution can be understood using the Snowball 




Figure 2: Models proposed for the post-glacial cap carbonate deposition. A) Isochronous B) Semi-
diachronous C) Diachronous (Rose and Maloof, 2010). 
 
2.3  Ediacaran Environment and the Emergence of the First Animals  
Atmospheric CO2 build-up throughout the Marinoan glaciation is suggested to have triggered 
an abrupt increase in temperature, causing glacial melting in tropical latitudes before 
spreading globally (Pierrehumbert et al., 2011). This increase shifted the global environment 
into more favourable conditions for the first complex life to evolve. The most intriguing 
characteristics of the Neoproterozoic era is the potential link between the Snowball Earth 
event and the evolution of early life (Narbonne and Gehling, 2003). The first complex life 
spawned approximately 575 Ma in the wake of the Marinoan glaciation, this is known as the 
Ediacaran biota (Narbonne and Gehling, 2003, Canfield et al., 2007). These soft-bodied 
Ediacaran organisms were large, architecturally complex life forms. These life forms could 
have included stem- and crown-group radial fauna, stem- group bilaterian animals, and other 
strange forms which potentially represented failed experiments in evolution (Glaessner, 1985, 
Narbonne, 1998, Seilacher et al., 2003, Narbonne, 2005, Canfield et al., 2007). The last 20 
Ma of the Proterozoic was characterised by this early life, yet near the beginning of the 
Cambrian these were seen to disappear completely when the newly evolved skeletal animals 
overtook (Knoll and Carroll, 1999). The factors contributing to the evolution of the Ediacaran 
organisms at the end of the Neoproterozoic era are controversial and many studies have been 
published in regards to this (Narbonne, 1998, Knoll and Carroll, 1999, Seilacher et al., 2003, 
Narbonne, 2005, Canfield et al., 2007, Planavsky et al., 2010, Sahoo et al., 2012).  
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An oxygenation event in the aftermath of the Marinoan glaciation has been proposed to have 
instigated the expansion of metazoans (Canfield et al., 2007, Sahoo et al., 2012).  Evidence in 
favour of an early Ediacaran oxygenation event is presented in geochemical data extracted 
from organic-rich shales from early Ediacaran (Sahoo et al., 2012). This evidence supports 
the link between glaciation, oxygenation and the diversification of animals while pre-dating 
former approximations of the Ediacaran oxygenation event by 50 Ma (Sahoo et al., 2012). In 
addition to this, deep-ocean oxygen levels were seen to rise after long anoxic ocean 
environments (Canfield et al., 2007). At the end of the Marinoan glaciation a significant pulse 
in chemical silicate weathering is thought to have been caused by rapid glacial melting. This 
surge of chemical weathering could have potentially caused an impulse of phosphate into the 
ocean, thus providing nutrients as a stimulant for the evolution of early life (Planavsky et al., 
2010). Phosphorus is derived primarily from the weathering of continental lithology and is 
recognised as a biolimiting nutrient for primary production in many ecosystems (Howarth, 
1988, Tyrrell, 1999). This biolimiting nutrient has been used as a basis in many studies trying 
to identify the missing links in the evolution of the Ediacara biota. Data produced from 
analysing P/Fe ratios in iron-oxide-rich sedimentary rocks is used to examine the 
concentration of dissolved phosphorous in the paleo-ocean (Bjerrum and Canfield, 2002). 
Distal hydrothermal sediments and iron formations were analysed through time collecting 
iron and phosphorus concentration ratios (Planavsky et al., 2010). These results suggested 
that phosphate concentrations during the Precambrian began to increase with the peak of P/Fe 
ratios being in the Neoproterozoic (750-635 Ma) (Planavsky et al., 2010). This implies that 
the increase in dissolved phosphate in the Neoproterozoic could be directly related to the 
deglaciation of the Snowball Earth. The result of this analysis suggests that the end of the 
Marinoan glaciation triggered a surge of nutrients which could have led to a spike in 





2.4  Lithium Isotopes 
Lithium (Li) in nature has two stable isotopic states 6Li and 7Li (Millot et al., 2010, Burton 
and Vigier, 2012). The7Li/6Li ratio is expressed as δ7Li when normalised to the L-SVEC 
standard. This is calculated using:  
δ7Li= [(7Li/6Li) Sample / (7Li/6Li) L-SVEC – 1] x1000.  
The isotopic standard L-SVEC is used as the reference material for calculating the δ7Li value.  
Lithium isotopes fractionate during clay formation at low temperatures, where 6Li is 
preferentially retained in clays in comparison to 7Li. This results in natural waters being 
enriched in 7Li (Huh et al., 1998, Huh et al., 2001, von Strandmann et al., 2006, Vigier et al., 
2009, Dellinger et al., 2015, Dosseto et al., 2015, Lechler et al., 2015).  Lithium is almost 
exclusively hosted in silicate secondary minerals, which cause Li values to be entirely 
dominated by silicate weathering. This results in lithium being a promising proxy for riverine 
fluxes to the oceans, representing conditions of continental silicate weathering (Millot et al., 
2010, Misra and Froelich, 2012, Wanner et al., 2014, Lechler et al., 2015). In  addition, 
lithium isotopes do not fractionate or engaged in biological turnover providing further 
support to suggest that Li isotopes are a capable proxy for silicate weathering (Huh et al., 
1998, Pistiner and Henderson, 2003).  
Within riverine systems, the δ7Li composition of the dissolved load is usually higher than the 
δ7Li of the suspended load and bedrock (Dellinger et al., 2015). Natural waters in these 
riverine systems therefore become tracers for continental weathering.  The δ7Li value in 
catchments with low silicate weathering rates will record heavy δ7Li values in comparison to 
those with high weathering conditions (Dosseto et al., 2015). This therefore indicates that 
δ7Li values of rivers are controlled by weathering congruency and intensity (Misra and 
Froelich, 2012, von Strandmann et al., 2013, Dellinger et al., 2015). As silicate weathering 
intensifies clay minerals are dissolved, resulting in the release of 6Li. This subsequent release 
of 6Li from silicate minerals causes an increase in concentration of Li within river water and 
therefore a reduction in the δ7Li value (Vigier and Godderis, 2015).  Evidence of this 
covariation between δ7Li and silicate weathering is seen through the analysis of rivers in 





Figure 3: Correlation between δ7Li of waters and clays, representing a decrease in δ7Li values as silicate 
weathering rates increase in riverine systems from Iceland and Canada (Dosseto et al., 2015). 
 
The lithium composition of the ocean is extremely sensitive to weathering fluxes. The ocean 
isotopic composition reflects a balance between the sources and sinks of Li and their 
respective isotopic composition (Misra and Froelich, 2012). The two main sources of Li to 
the ocean are river and hydrothermal fluxes, where the removal flux is entirely by the 
inclusion of Li into marine sediments and altered oceanic crust (AOC) (Misra and Froelich, 
2012). Lithium residence time within seawater is approximately 1.2 million years, meanwhile 
ocean mixing time is much shorter being approximately 1000 years (Huh et al., 1998, Burton 
and Vigier, 2012). This allows lithium to become homogenous and thoroughly mixed 
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throughout the global oceans. It is proposed that at a given time the Li composition of the 
ocean can be used to understand silicate weathering intensities on a global scale (Misra and 
Froelich, 2012). 
Bulk carbonates and foraminifera are suggested to be archives for seawater composition and 
understanding environmental change (Misra and Froelich, 2012, von Strandmann et al., 
2013). The δ7Li in carbonates are used as a proxy to evaluate the role of enhanced weathering 
as an initiator and terminator of the past Oceanic Anoxic Event (OAE) (von Strandmann et 
al., 2013, Lechler et al., 2015). Consequently, one of the objectives of this thesis is to apply 
this δ7Li proxy to cap carbonates deposited at the termination of the Marinoan glaciation. 
Applying this δ7Li proxy will help test the hypothesis of large-scale silicate weathering 
pulses from continents into the ocean as a result of global warming and rapid deglaciation. 
This could potentially provide a link between the large silicate weathering fluxes at the end of 




Chapter 3: Study Area  
3.1 Regional Geological Setting  
3.1.1  The Adelaide Rift Complex 
The Adelaide Rift Complex (ARC) formally known as the Adelaide Geosyncline 
encompasses areas from the Flinders Ranges to the Mount Lofty Ranges and is believed to be 
part of a large continental margin formed to the east of the Stuart shelf (Fig. 4; DiBona et al., 
1990, Preiss, 2000, Rose and Maloof, 2010). The fold belt is comprised of four main 
structural area: the southern Adelaide Fold-Thrust Belt, the Nackara Arc, the central Flinders 
Ranges and northern Flinders Ranges (Rose and Maloof, 2010). The ARC consists of a 
cratonic basement which was formed around the Paleoproterozoic-Mesoproterozoic era with 
a 7-12km thick overlying Neoproterozoic-Cambrian sedimentary sequence. This sedimentary 
sequence can be subdivided into four units: the Callanna, Burra, Umberatana and Wilpena 
Groups (Preiss, 1987, DiBona et al., 1990, Haines, 2000, Preiss, 2000). The main focus of 
this thesis lies within the Wilpena Group with some emphasis on glacial deposits within the 
Umberatana Group. It is within these geological groups that the Nuccaleena and the Elatina 
formations are found, these contain the cap carbonates and glacial deposits of the Marinoan 




Figure 4: The Adelaide Rift Complex in relation to other Neoproterozoic basins, Antarctica and western 
Laurentia (Preiss, 2000). 
3.1.2 Umberatana Group 
The Umberatana Group (700-620 Ma) consists of an interglacial succession subdivided into 4 
main subgroups (Giddings et al., 2009). These include; The Sturtian glacial deposits of the 
Yudnamutana Subgroup at base, overlaid by the interglacial subgroups Yerelina, Nepouie 
and Upalinna (Giddings et al., 2009). 
3.1.2.1  Elatina Formation  
The Yerelina Subgroup contains all Marinoan glacial deposits. The uppermost sequence of 
the Yerelina Subgroup is the Elatina Formation, which represents the Marinoan glacial 
deposit (~ 650 Ma) (Giddings et al., 2009).  The Elatina Formation is dominated by fine-
grained interbedded sediments and ice-rafted dropstones. This formation extends over 
~200,000km2 of the Adelaide Rift Complex and unconformably overlies the Trezona 




Figure 5: The Adelaide Rift Complex and Stuart Shelf during the Marinoan glaciation illustrating the 
depositional settings (Williams et al., 2008) 
3.1.3 Wilpena Group 
Overlying the Elatina formation is the Wilpena Group which consists of approximately 
2.5km of carbonate, sandstone and argillite in the upper portion of the ARC, which have been 
deposited in fluvial to deep-marine environments (Preiss and Forbes, 1981, Christie-Blick et 
al., 1988). This group can be further divided into seven formations; the Nuccaleena 
Formation, Brachina Formation, ABC Range Quartzite, Bunyeroo Formation, Wonoka 
Formation, Bonney Sandstone and the Rawnsley Quartzite (Fig. 6; Borch et al., 1988, 








3.1.3.1 Nuccaleena Formation  
The Nuccaleena Formation (635-590 Ma) is a dolostone unit which caps the underlying 
Cryogenian glacial deposit (Fig. 6). This formation is stratigraphically constrained by the 
Elatina Formation below and the Brachina Formation above. This unit is a laterally 
continuous layer of buff, pale tan or pinkish dolomite, ranging from 0.75 to 10m thick with 
an average thickness of 3 to 4m (Raub et al., 2007, Rose and Maloof, 2010). The basal 
contact of this formation varies from abrupt to gradational with the dominating lithology 
being red siltstone. Clasts sourced from the underlying glacial lag deposit also characterise 
this contact (Raub et al., 2007, Rose and Maloof, 2010). The upper boundary of the 
Nuccaleena formation is laterally variable from conformable to gradational. The lithology at 
this contact is primarily red siltstone with locations in the far north of the ARC being 
limestone. Cap dolostones throughout the ARC become increasingly interbedded with a 
sequence of nodular dolostone clasts in red siltstone. The Nuccaleena Formation can be split 
into four lithofacies, these include; low-angle cross-stratified dolomite grainstones, 
grainstones with pseudo-tepees, red silty dolomite ribbons and dolomite ribbons with 
isopachous sheet crack cement (Rose and Maloof, 2010). The low-angle cross-stratified 
dolomite grainstones represent bidirectional flow, symmetric wave ripples and dynamic wave 
dominated depositional environments above wave-base. Grainstones with pseudo-tepees 
characterise three possible scenarios: growth of structures occurred 3.5-7.1m below the 
sediment-water interface; these are morphologically similar to modern and ancient methane 
seeps, providing evidence for physical disruption from methane gas and fluids; under steady 
wave conditions these structures could represent high sedimentation rates of accumulation 
(Rose and Maloof, 2010).  Silty dolomite ribbons symbolise a depositional setting above 
storm wave base with minimal to no coarse sediment. The fourth main lithofacy of the 
Nuccaleena formation is the isopachous sheet crack cement which originates from sediments 
producing methane  which is hidden as hydrate in permafrost (Rose and Maloof, 2010). Once 
destabilisation from post-glacial transgression occurs, gas escapes forming this deposit. 
Overlying this unit is the kilometre-thick Brachina Formation which consists of a shallowing-
upward sandstone and shale shelf-deposited unit. This formation underlies a shallow marine 
succession containing interbedded muds and hummocky cross-stratified sandstone known as 
the ABC Range Quartzite sequence. In sharp contact with the ABC Range Quartzite  is the 
overlying Bunyeroo Formation, which consists of approximately 500m of grey-red to blue-
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grey massive mudstone (Borch et al., 1988). The top of this unit is abruptly capped by a thin 
layer of concretionary intraclastic dolostones, which characterise the base of the Wonoka 
Formation (Haines, 1988, DiBona et al., 1990, Giddings et al., 2010).  This sequence is 
understood to be a mix of carbonate and siliclastic sediments which vertically extend several 
hundreds of metres (Borch et al., 1988, Giddings et al., 2010). Overlaying the Wonoka 
formation is the Pound Group which contains the Bonney Sandstone unit situated under the 
Rawnsley Quartzite. The Bonney Sandstone formation is recognised by its feldspathic 
sandstone interbedded with red-brown mudstone (Borch et al., 1988). This sequence 
underlies the Rawnsley Quartzite which contains minor interbedded muds (Borch et al., 
1988). The sequence contact between the Bonney Sandstone and the Rawnsley Quartzite is 
recognised to locally host Ediacaran organisms (Gehling, 1983, Jenkins et al., 1983, Borch et 
al., 1988).  
 
3.2 Study Sites  
Throughout the Flinders Rangers four study sites were sampled: Argadells, Buckaringa 
Gorge, Parachilna Gorge and Elatina Creek. At these locations the Nuccaleena formation was 
exposed with easy access for geological analysis and sampling.  
3.2.1  Argadells 
This study site is located in the Southern Flinders Ranges (32o 8’19.82”S 138o0’49.57”E). 
The Nuccaleena Fm. at this location has an excellent creek exposure where almost the entire 
section is outcropping with visible detail (Fig. 7). The basal contact of the Nuccaleena Fm. 
with the Elatina Fm. is not exposed at this location, yet it is still well constrained as it is 
within ~1m of cover. Dolomite concretions were found to be laterally consistent; these are 
formed during early diagenesis (Banner and Hanson, 1990). During high resolution sampling, 
26 samples were collected at an interval of ~0.5m over ~12.4m which is the thickness of the 




Figure 7: The entire Nuccaleena Fm. exposed at Argadells study site. 
 
3.2.2 Buckaringa Gorge 
The Buckaringa Gorge site (32o5’48.44” S 138o2’7.55” E) consists of a poorly exposed 
Nuccaleena Fm. within a creek bed, with the basal contact with the Elatina Fm. not visible 
(Fig. 8). At this location, the Nuccaleena Fm. is mostly interbedded with siltstone with a very 
small percentage of pure dolomite. This section was sampled at an interval of ~2m, with 22 




Figure 8: The poorly exposed Nuccaleena Fm. at Buckaringa Gorge with no contact with the Elatina Fm. 
outcropping. 
 
3.2.3 Parachilna Gorge (near Angorichina) 
The Parachilna Gorge near Angorichina site is situated within the central Flinders Ranges 
(31o7’49.48” S 138o33’32.15” E). The underlying Elatina Fm. is very poorly sorted with 
glacial dropstones found throughout the unit. This formation transitions into a purple/brown 
siltstone before losing outcrop over the contact with the Nuccaleena Fm. The section at this 
location is lithologically comparable to the section at Argadells, as the ratio of siltstone to 
dolomite is quite variable. In addition, toward top of the section the concentration of dolomite 
nodules begins to increase. At this site, 35 samples were collected over the ~11m thick 
section at an interval of ~0.3m. 
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3.2.4 Elatina Creek  
Elatina Creek (31o 21’28.87” S 138o37’3.54” E) is situated ~30km south-east of the 
Angorichina study site and only a few kilometres from the GSSP (Global Boundary 
Stratotype Section & Point). The Nuccaleena Formation at this location contains high 
dolomite content with less interbedded siltstone in comparison to the southern Flinders 
Ranges. Teepee structures have been identified within this section with minor siltstone 
interbedding (Fig. 9). Apart from these features, this section is primarily a large blocky 
dolomite outcrop (Fig. 10). The transition zone from the glacial deposit of the Elatina Fm. 
into a fissle shale before becoming interbedded with the dolomite deposit of the Nuccaleena 
Fm. is well exposed at this site (Fig. 11). High resolution sampling was conducted with 28 
samples being collected over the entire ~6.75m thick section at an interval of ~0.25m. All 
samples collected from this location used the prefix EC (e.g. EC-26) as the sample ID. The 
thickness of this section is not well established as the top contact of Nuccaleena Fm. with the 
Brachina Fm. is not exposed. The Elatina Creek site was selected for mineralogical, 
geochemical and isotopic analysis. The Nuccaleena formation at this site was deemed the 
most ideal outcrop on the bases of size, outcrop condition and dolomite content. 
 




Figure 10: The blocky Nuccaleena Fm. outcropping at Elatina Creek.  
 
Figure 11: Transitional zone between the Elatina Fm. and the Nuccaleena Fm. at Elatina Creek. 
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Chapter 4: Methods  
4.1  Sample Preparation 
The 28 carbonate samples collected from Elatina Creek site were separated into 
approximately 50g aliquots.  These were then crushed into fine powder using a TEMA 
chromium-ring grinding mill. Quartz sand was used to clean the instrument after every 
sample to prevent cross-contamination. Powdered aliquots were used for mineralogical 
(XRD) and geochemical (major and trace elements, and lithium isotopes) analysis.  
 
4.2  Mineralogical Analysis 
Mineralogical analysis on 28 carbonate samples was performed using X-ray Diffraction 
(XRD). This analytical technique quantifies and characterises crystalline minerals within 
finely ground mineral assemblages, using X-ray radiation emitted at a fixed wavelength 
(Dutrow and Clark, 2012). This analysis is used to assess whether variations in δ7Li are 
controlled by the quantity of clay minerals present within individual samples. Analysis was 
conducted at the School of Earth and Environmental Sciences, University of Wollongong. 
Samples were mounted in aluminium holders and analysed in a Phillips 1130/90 
diffractometer with Spellman DF3 generator set to 1 kW. Samples were analysed between 4 
and 70° 2-theta at 2° per minute with a step size of 0.02. Traces were produced through a 
GBC 122 control system and mineral phases were identified using Traces, UPDSM and 
SIROQUANT software.  
 
4.3  Carbonate Extraction  
The δ7Li composition of carbonates is used as a proxy for that of the paleo-ocean. However, 
δ7Li is very sensitive to the presence of silicate minerals, due to Li concentration in clays 
being >10ppm. Carbonates in comparison are depleted in Li containing <1ppm (Burton and 
Vigier, 2012). The dolostones collected were not pure carbonates, therefore it is critical to 
extract Li from only the carbonate fraction. This is essential to avoid mobilising Li from the 
clay fraction. Extraction of Li from carbonates is performed by leaching samples in dilute 
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acids.  In order to test the leaching protocol, acids at varying concentrations are used to 
determine the ideal acid concentration for carbonate extraction without mobilises Li in clays.  
This involves leaching a constant sample size in various acid concentrations over a constant 
leaching time. In clean 50ml centrifuge tubes, 1 g of sample (EC26) was weighed in and 
leached in 20ml of Merck Ultrapur 30% Hydrochloric Acid (HCl) at 9 different 
concentrations (0.05M, 0.1M, 0.15M, 0.2M, 0.3M, 0.5, 0.8M, 1M, 6M) for one hour. 
Throughout the procedure, contamination was monitored for quality control purposes using a 
total procedure blank. 
After leaching, all samples were centrifuged for 15mins and the supernatant was extracted 
and placed into clean 15ml centrifuge tubes. These solutions were used to conduct lithium 
separation through ion exchange chromatography and isotopic analysis. Therefore, 
demonstrating the variability of δ7Li in carbonates leaching in different acid concentrations. 
The δ7Li values should decrease with increasing acid concentration (Fig. 12; von Strandmann 
et al., 2013), this is due to the breakdown of the clay minerals in the sample. This breakdown 
releases 6Li, subsequently reducing δ7Li values. This experiment therefore allows us to 
identify the ideal acid concentration for maximum 7Li recovery from the carbonate fraction 




Figure 12: Leaching experiment demonstrating an increasing effect of Li derived from clays on δ7Li 
values. These values decrease with increasing acid concentration. (von Strandmann et al., 2013). 
 
4.4 Major and Trace Elemental Analysis  
Major and trace element concentrations were determined on solution following the leaching 
by Single-Collector ICP-MS. Single-Collector ICP-MS analyses element concentrations by 
pumping sample solution at a constant motion and pressure into the pneumatic nebuliser by a 
peristaltic pump. When the sample enters the pneumatic nebuliser, the solution is broken up 
into an aerosol by an argon gas flow breaking the solution into minute droplets (Thomas, 
2001). The aerosol is passed into the spray chamber; this process separates large droplets to 
allow only small droplets to enter the plasma. This is due to the plasma being unable to 
dissociating large droplets.  The plasma is generated by a load coil that couples argon gas 
flow with a radiofrequency (RF) field (Thomas, 2001, Vanhaecke, 2012). The sample gas is 
moving at high velocity when it leaves the sample injector; this allows it to punch a hole 
through the centre of the plasma (Thomas, 2001). As the sample moves through the plasma, 
water molecules are stripped from the small droplets. This leaved behind tiny solid particles 
which turn into a gaseous form before becoming ground state atoms. Collision of argon 
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atoms with these ground state atoms converts these atoms into ions (Thomas, 2001). Once 
these ions are formed, they are guided into the interface region. This region consists of two 
metallic cones (jet sampler and x-skimmer cones), the ions first pass through the sample cone 
with an orifice diameter of 0.8-1.2mm before travelling a small distance into the x-skimmer 
cone (orifice diameter of 0.4-0.8mm). This region is held at a constant vacuum and directs 
these ions into the ion optics where they undergo mass separation. This is performed using a 
quadrupole mass filter where the ions are separated by their mass-to-charge ratio (Vanhaecke, 
2012). A quadrupole mass filter comprises of four cylindrical rods with positive or negative 
bias to steer ions down the middle of the rods. These ions exit the quadrupole filter to then be 
converted into an electrical pulse for detection (Fig. 13; Thomas, 2001).  
 
Figure 13: Quadrupole- based ICP-MS setup. The sample solution is fed into the nebuliser and spray 
chamber using a peristaltic pump. This solution is then forced into the centre of the plasma where 
ionisation occurs before being guided into the quadrupole filter for mass separation. After mass 
separation the ions are converted into an electrical pulse for detection (Vanhaecke, 2012). 
The elemental concentration of the unknown samples is determined by comparing them to a 
set of calibration standards of known concentration. The calibration standard 71A + 71B + 
IRMM-016 is the combination of two synthetic multi-element standards with a natural 
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lithium carbonate standard (Qi et al., 1997). IRMM-016 standard is added because standards 
71A and 71B do not contain Li and this is essential for quantifying Li concentrations. This 
calibration standard is prepared at concentrations of 0.05, 0.1, 0.5, 1, 10, 50, 100ppb. 
Dilutions of all samples are prepared to obtain accurate elemental concentrations. This is to 
ensure concentrations fall within the calibration curve and to prevent ions flooding the 
instrument. For major elements (e.g. Ca, Mg and Al) 1: 10,000 dilutions were prepared, while 
trace elements (e.g. Rb, Li and Sr) were analysed at a dilution factor of 1: 100.   
To ensure accuracy of the elemental concentrations, a quality control standard (10ppb 71A + 
71B + IRMM-016) was analysed every 6 unknown samples. In addition, instrumental drift 
must be taken into consideration when analysing major and trace concentrations. Therefore, 
an internal standard (10ppb 71D) is applied to all samples to correct for this. The two 
isotopes used were, scandium-45 for major elements and indium-115 for trace elements.  
Contamination was monitored throughout the entire procedure using a total procedure blank. 
A total procedure blank is when the same acid used for leaching is taken through the same 
protocol as each sample without any sample being added. This blank is then analysed with 
the samples and the mass of each element is calculated. These results are displayed in Table 
1. 
Table 1: Procedure blank measurements for the Elatina Creek section. 
Sample 
ID Mg (ng) Al (ng) Ca (ng) Li (ng) Ti (ng) Mn (ng) Rb (ng) Sr (ng) 
2650 26 ±1 16.9 ±0.4 8.4 ±0.5 0.13 ±0.06 4 ± 1 0.3 ±0.2 -0.2 ±0.02 -0.09 ±0.06 
*internal error (2σ) is reported for mass of elements in total procedure blank. 
 
4.5  Ion Exchange Chromatography  
Ion exchange chromatography is performed to isolate lithium from the matrix to reduce the 
effects of isobaric interference, which is when an ion with the same mass causes interference 
during analysis (e.g. SiO+ interference when analysing 44Ca+). This procedure is also used to 
remove sodium to eliminate sodium analyte matrix effects (Pistiner and Henderson, 2003). 
Lithium isolation is achieved through the use of vertical columns which are filled with ion 
exchange resin. This resin is calibrated to an element of interest separating it from its matrix 
through ion exchange between the solid (the resin) and a mobile or solvent phases (the 
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solution) (Potts, 1987).  Lithium is the smallest of all alkali metals and has the largest 
hydrated radius, resulting in Li being held loosely held in the resin (De Groot, 2004). The 
resin is calibrated for Li using sample solution and continuous monitoring of Li content in the 
eluted fractions (De Groot, 2004).  It is essential to calibrate this resin with samples that have 
been extensively studied along with a collection fraction that encompasses the entire elution 
peak to ensure a 100% yield of Li (De Groot, 2004). During this ion exchange procedure 
lithium fractionates with 6Li having a greater attraction to the solid phase (Oi et al., 1991). 
Therefore, ~100% yield of lithium is essential since fractionation of Li causes 7Li to elute out 
first followed by 6Li. Before samples can be loaded for Li isolation; cleaning, neutralisation 
and conditioning of the columns must be performed. Cleaning the columns with ~20ml of 6M 
VWR AnalaR Normapur Hydrochloric Acid flushes the resin of any possible sources of 
contamination. Once this solution has completely passed through the columns, neutralization 
can begin by adding ~2ml of MilliQTM water to the column. In order to prepare the resin for 
sample loading 8ml of titrated 1M Merck Ultrapur HCl. Once complete, sample loading can 
occur by adding 0.5ml of each sample (including the total procedure blank) directly onto the 
resin. To be sure that there is 100% recovery of lithium from the column, 60ng should only 
be added at one time to prevent overloading of the resin. After all samples are loaded, 3.5ml 
of the titrated 1M HCl is added. Lithium elution occurs when 4ml of titrated 1M HCl is 
added and all Li has been flushed from the resin. After collection, each sample is dried down 
at 100oC and then passed through the columns a second time. Once the procedure has been 
completed for the second time, all samples are then evaporated at 100oC before being taken 
up in 0.3M Merck Ultrapur HNO3 ready for isotopic analysis. 
 
4.6  Isotopic Analysis   
Lithium isotopic analysis was preformed using multi-collector ICP-MS on a ThermoFisher 
Neptune Plus at the University of Wollongong. Multi-Collector ICP-MS analyses the isotopic 
composition of an element of interest within a sample. This is accomplished when a sample 
solution is pumped into a pneumatic nebuliser, converting this solution into an aerosol 
(Thomas, 2001). This is because the plasma is unable to dissociating large droplets of 
solution. This aerosol is fed into a cyclonic spray chamber which is then injected into the 
centre of the plasma. As the sample moves further into the plasma, the tiny droplets are 
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stripped of water molecules. This leaves small solid particles behind and converting them 
into ground state atoms (Thomas, 2001). Argon gas then collides with these ground state 
atoms which then turn these atoms into ions. Once these ions are formed, they are guided into 
the interface region. This consists of two metallic cones (jet sampler and x-skimmer cones), 
the ions first pass through the sample cone (orifice diameter of 0.8-1.2mm) then through the 
x-skimmer cone (orifice diameter of 0.4-0.8mm). This region is held at a constant vacuum 
and directs these ions into the ion optics before undergoing mass separation (Wieser et al., 
2012). Mass separation occurs to separate ions by their mass-to-charge ratio before collection 
in Faraday cups (Wieser et al., 2012). This is where an ion beam from the mass analyser is 
directed into the Faraday cups for high-precision isotope ratios (Thomas, 2001).  
To correct for mass bias, the reference material IRMM-016 (a natural Li2CO3 standard) 
distributed by the Institute for Reference Materals and Measurements (IRMM) is used as the 
primary standard in the standard bracketing technique (Qi et al., 1997). This technique is 
achieved by analysing a primary isotopic standard before and after each unknown sample.  
To assess accuracy of the Neptune, Li6-N and Li7-N are used as secondary standards which 
are analysed alternatively after every 6 unknown samples (Carignan et al., 2007). These 
standard solutions are a mix of either L-SVEC or IRMM-016 with Li spikes of 7Li or 6Li with 
known Li concentration and isotopic composition. Secondary standards are analysed as 
unknown samples, these results determine the accuracy of the instrument throughout the 
analysis. Once analysis is complete, all lithium isotope ratios are normalised to L-SVEC 
isotopic standard solution  (Flesch et al., 1973, Millot et al., 2004). The L-SVEC standard is a 
lithium carbonate standard distributed by National Institute of Standards and Technology 
(NIST) (Flesch et al., 1973, Carignan et al., 2007). Precision is usually accessed through 
replicates of 2-3 samples, yet due to time constraints replicates were not preformed 
throughout this project.  Monitoring contamination control involves a total procedure blank to 
be conducted (Table 2). This is when the acid used for sample leaching is run through the 
entire procedure without a sample to determine potential cross-contamination.  
Table 2: Mass of Li in the total procedure blank. 






Chapter 5: Results & Discussion 
5.1 Leaching Experiment 
Lithium is almost totally situated in secondary silicate minerals. Therefore during congruent 
weathering, 6Li is released into the dissolved phase reducing the δ7Li value of the riverine 
water (Misra and Froelich, 2012, Li and West, 2014, Dosseto et al., 2015). A leaching 
experiment was conducted to extract the carbonate fraction from each sample. This fraction is 
suggested to record the δ7Li seawater composition.  Changes in acid concentration is believed 
to have a significant effect on the δ7Li value, therefore to prevent the breakdown of clay 
minerals an optimum acid concentration must be identified. 
5.1.1 Lithium isotope compositions  
The δ7Li value of all leached solutions were analysed to determine the effect of silicate 
minerals and thus obtain the optimum HCl concentration in order to avoid the subsequent 
release of 6Li. The trend in δ7Li shows a rapid decrease, this occurs as HCl concentration 
increases from 0.05 to 6M over 9 different concentrations (Fig. 14). This δ7Li value shows a 
rapid decrease from 9.5 to 4.0‰ showing that at HCl concentrations greater than 0.1M the 




Figure 14: The δ7Li value in leached solution over HCl concentration demonstrates a significant 
decrease with increasing HCl concentration (Appendix A, Table 5).  
 
This reduction in δ7Li is a result of silicate minerals within each powdered sample breaking 
down as the leach becomes more aggressive. The δ7Li values become lighter as silicate 
minerals dissolve and release the light lithium isotope (6Li) that is preferentially retained 
within the mineral during water-clay interaction (von Strandmann et al., 2006, Vigier et al., 
2009, Dellinger et al., 2015).  
5.1.2  Major and Trace elements 
Major and trace elements are analysed to determine the ratio of mineral dissolution 
throughout the leaching experiment. Observing Al/Mg ratios in all samples allows us to 
determine the balance between silicates and carbonate minerals. Magnesium is used to 




















Assessing the influence of silicate minerals throughout the experiment is achieved through 
the analysis of Al/Mg ratios over increasing HCl concentration (Fig. 15). The Al/Mg ratio is a 
proxy aimed at determining the contribution of silicate minerals vs carbonate minerals. 
 
Figure 15: The Al/Mg ratio of the leaching experiment as a function HCl concentration. Covariation 
between Al/Mg and HCl is observed for concentrations >0.1M (Appendix A, Table 5 & 6). 
 
For HCl concentrations <0.5M, Al/Mg is low and shows no relationship between Al/Mg 
ratios and HCl concentrations. This illustrates that at low HCl concentrations, dissolution of 
silicate minerals is not occurring. However, when samples are leached in HCl concentrations 
>0.5M, Al/Mg ratios in the solution increase with HCl concentration, suggesting that silicate 

















Figure 16: The Li/Ca ratio as a function of Al/Mg ratios in solutions from the leaching experiments. A 
positive relationship is observed between Li/Ca and Al/Mg for HCl concentrations >0.1M (Appendix A, 
Table 5 & 6). 
 
The release of Li from silicates for HCl concentration >0.1M is further illustrated when 
displaying Li/Ca as a function of Al/Mg in solution (Fig. 16). There is a positive relationship 
between Li/Ca and Al/Mg ratios for HCl concentration >0.1M, suggesting that for these 
concentrations Li is released from silicates. This is because if Li was derived only from 
carbonates, the Li/Ca should remain constant. However, if Li and not Ca is supplied from 
silicates, the ratio will increase. This therefore represents silicate mineral dissolution where 
Li/Ca ratios characterise the Li concentration within each solution. These ratios when 
compared can be used to understand the quantity of Li leached from silicate minerals over 
increasing HCl concentration. The Li/Ca ratio of samples leached in HCl concentrations 
<0.5M are independent and show no relationship to Al/Mg. Not until concentrations exceed 
0.5M does the Li/Ca ratios show more of a linear realationship with Al/Mg. This relationship 
signifies the breakdown of silicate minerals with the subsequent release of 6Li. This release is 
characterised by an increase in Li concentration in proportion to an increase in Al 
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concentration. In order to understand whether the dissolution of silicate minerals has any 
significant effect on the δ7Li value, the relationship between δ7Li and Al/Mg ratios are 
anlysed (Fig. 17).  
 
Figure 17: The δ7Li against Al/Mg ratios in solutions from the leaching experiments. A relationship is 
observed for HCl concentrations >0.1M (Appendix A, Table 5 & 6). 
 
When comparing δ7Li to Al/Mg ratios, solutions with concentrations <0.5M show no 
significant relationship. This illustrates that dissolution of silicate minerals is not yet taking 
place and that there is no substantial effect on the δ7Li value. Once HCl concentrations 
exceed 0.5M, there is a visible correlation between Al/Mg ratios and δ7Li values. This 
association shows a decrease in δ7Li when Al/Mg ratio increases, suggesting the dissolution 






Figure 18: The δ7Li values as a function of Li/Ca ratios in leached samples. A relationship is observed 
as δ7Li values decrease, Li/Ca ratios increase with respect to increasing HCl concentration (Appendix A, 
Table 5 & 6). 
To observe the release of 6Li from silicate minerals at high acid concentration, δ7Li values 
are compared with Li/Ca ratios. The δ7Li as a function of Li/Ca show a linear relationship, 
with δ7Li decreasing significantly with increasing Li/Ca ratios (Fig. 18). This demonstrates 
that high HCl concentrations release 6Li into solution through the dissolution of silicate 
minerals. High 6Li concentration represents lighter δ7Li values within the leached solution. 
Therefore, as HCl concentration increases the δ7Li values become significantly affected by 





Figure 19: The Li/Ca ratios and δ7Li values of leached solutions as a function of HCl concentration, 
illustrate that Li/Ca ratios increase while δ7Li values decrease with increasing HCl concentration 
(Appendix A, Table 5 & 6). 
 
This geochemical anlaysis allows us to assume that the break down of silicate minerals and 
the subsequent release of 6Li has a significant effect on the δ7Li values (Fig. 19). Therefore, I 
recommend the use of 0.05M HCl as the most suitable HCl concentration for leaching Li 
from carbonates without the dissolution of silicate minerals. 
 
5.2 Elatina Creek section 
The main focus of this project was the Elatina Creek section as this site has been previously 
studied and demonstrated the best contact between the Elatina Fm. and the Nuccaleena Fm. 
(Rose and Maloof, 2010). The mineralogical composition was determined on all solid 
samples of this section prior to leaching. Previously stated in Section 5.1, the ideal HCl 
concentration is 0.05M. This was applied to all samples from the Elatina Creek section, and 

























5.2.1 Lithium isotope compositions  
Lithium isotopes fractionate during water-clay interaction, allowing δ7Li to be an ideal proxy 
for silicate weathering intensity (Misra and Froelich, 2012, von Strandmann et al., 2013). 
Lithium is almost exclusively retained in silicate minerals, causing silicate weathering to be a 
driving force behind changes in seawater δ7Li composition (Misra and Froelich, 2012). The 
large relative mass difference amongst Li isotopes (6Li and 7Li) makes Li an effective tracer 
of low-temperature geochemical processes (Misra and Froelich, 2012).  
In the bottom 1m of this section it demonstrates a rapid increase in δ7Li from 2.88 to 11.6‰ 
(Fig. 20). After this sudden increase, the δ7Li stabilizes and reaches a new steady state which 
can be seen over the next ~5m of the section. The last ~1.5m of the Nuccaleena formation 
represents another significant decrease in δ7Li from 11.7	to	6.24‰.  
 
Figure 20: The δ7Li values from the leached Elatina Creek samples show a positive relationship over the 



















In observations recorded in the sample preparation protocol these results show changes in 
δ7Li of carbonates over this time period. These variations could be the result of: (i) 
mineralogical changes with different δ7Li over time, (ii) post-depositional alteration and 
diagenesis, (iii) changes in lithium composition of seawater. To discuss each hypothesis, the 
mineral composition of each solid sample and measured major and trace element 
concentrations in the leached solutions were quantified. 
5.2.2 Mineralogical composition 
Over the entire height of the Nuccaleena section, dolomite content varies demonstrating a 
similar trend to the δ7Li values (Fig. 21). This visible correlation between dolomite content 
and the variation in δ7Li, uncovers questions on whether this variation in dolomite content 
actually controls the variation in the δ7Li.  
 
Figure 21: Dolomite content and δ7Li variation over the height of the section demonstrates a positive 
correlation between mineralogy and δ7Li values (Appendix A, Table 3 & 7). 
This shows that at the beginning and at the end of the section where there is low δ7Li values 



































of all samples display high values at both the beginning and the end of the Nuccaleena 
formation (Fig. 22). The high silicate mineral content could represent a relationship with low 
δ7Li, as this could be due to the release of 6Li from the dissolution of silicate minerals. 
However, results from the leaching experiment suggest that the supply of Li from silicate 
minerals is minimised. Furthermore, a relationship between δ7Li and the mineralogical 
composition is surprising because Li isotopes were measured on solutions after sample 
leaching while mineralogical compositions were determined on the solid sample before 
leaching. The δ7Li compositions were determined on solutions from the leached sample not 
of the rock; therefore the XRD data does not represent high silicate mineral content after 
leaching.  Hence, this does not necessarily indicate the dissolution of silicate minerals. To 
further test the role of mineralogy and assess the impact of diagenesis on δ7Li compositions, 
major and trace element concentrations are measured in solutions from sample leaching.  
 
 
Figure 22: Quartz and muscovite content as a function of height demonstrating similar trends throughout 
the section. Silicate content is decreasing rapidly at the bottom of the section before increasing again at 



































5.2.3 Major and Trace elements 
Major and trace elemental analysis of the entire Elatina Creek section was performed to test 
the role of mineralogy and the impact of diagenesis of measured δ7Li compositions. 
Assessing the role of mineralogy is performed through analysis of elemental ratios as these 
are proxies for silicate and carbonate minerals in solution. When considering Al/Mg ratios as 
a function of δ7Li, it provides evidence for the possible influence of silicate minerals on the 
δ7Li variation throughout the section. There is no significant relationship between Al/Mg and 
δ7Li, offering additional evidence for the assumption that silicate minerals have not 
undergone dissolution and subsequently have no effect on δ7Li values (Fig. 23). This 
suggests that high silicate mineral content in the solid samples at the beginning and end of the 
section does not have an influence on the δ7Li variation of the solution.  
 
Figure 23: The Al/Mg ratios as a function of δ7Li in the leached solution from the Elatina Creek section 















Another possibility is that δ7Li variations are accounted for by different proportion of 
dolomite/calcite. This can be tested by investigating the relationship between δ7Li and Mg/Ca 
ratios as a proxy for dolomite/calcite proportions. There is no significant relationship between 
δ7Li and Mg/Ca (Fig. 24), suggesting that the increased proportion of carbonate at the 
beginning and end of the Nuccaleena Fm. does not control the variation in δ7Li of the leached 
sample. Therefore, low dolomite content does not explain low δ7Li values. These results 
demonstrate that the covariation between δ7Li and mineral contents is not the result of 
mineral abundance controlling the δ7Li. Instead this could reflect that both δ7Li and mineral 
content variations reflect processes that co-varied during early Ediacaran. This is discussed 
further in section 5.2.4. 
 
Figure 24: The Al/Mg ratios as a function of δ7Li in the leached solution from the Elatina Creek section 
illustrate no significant relationship (Appendix A, Table 3 & 4). 
 
To assess the role of diagenesis, the relationship between the Sr/Mn ratios and the δ7Li values 
of all samples were evaluated. If δ7Li variations were controlled by diagenesis, we should 
observe a covariation between Sr/Mn ratios and δ7Li values. This is because during 

















newly recrystallised diagenetic carbonate (Brand and Veizer, 1980, Banner and Hanson, 
1990). The results show no significant relationship displayed between δ7Li and Sr/Mn ratios 
(Fig. 25), therefore providing evidence against the effects of diagenetic processes on the δ7Li 
values.  
 
Figure 25: The Sr/Mn ratios as a function of δ7Li in the leached solution from the Elatina Creek section 
illustrate no significant relationship, providing evidence against diagenesis (Appendix A, Table 3 & 4). 
 
5.2.4 Environmental change in the early Ediacaran  
According to results displayed in Sections 5.1 and 5.2, it is confidently proposed that the δ7Li 
variations reflect changes in seawater δ7Li composition. The lithium isotopic composition of 
seawater represents the equilibrium between inputs and removal fluxes (Misra and Froelich, 
2012, Vigier and Godderis, 2015). The two main sources of lithium into the ocean are river 
and hydrothermal fluxes (Vigier and Godderis, 2015).  Whereas the main Li sink in the ocean 
is its incorporation into marine sediments and altered oceanic crust (AOC) (Misra and 















which are driven by changes in silicate weathering and reverse weathering cycles (Misra and 
Froelich, 2012). Li and West (2014) proposed a Li cycle box model of modern and Cenozoic 
seawater which illustrates that ocean δ7Li composition is controlled mainly by weathering 
influxes and sediment uptake of Li (Fig. 26). Significant changes in riverine fluxes, δ7Li 
composition of river water and sediment uptake are suggested to cause decreases in the δ7Li 
composition of Cenozoic seawater. This model therefore provides evidence to suggest that 
during the Neoproterozic, riverine inputs into the ocean are likely to have driven these large-
scale δ7Li variation during the aftermath of the Marinoan glaciation. 
 
  
Figure 26: A box model illustrating the inputs and outputs of Li in the ocean. This model 
explains two scenarios in  b and c to explain the shift in the sinks of Li from seawater in 
driving changes to the isotopic composition (Li and West, 2014). 
 
Presuming all sinks and inputs are recognised and assumed constant, the significant increase 
in δ7Li at the bottom of the Nuccaleena formation suggests high weathering intensity at the 
onset of deglaciation. This is a result of congruent weathering of primary minerals where 
complete cation removal has taken place (Li and West, 2014). This increases 6Li 
concentration, causing a reduction in δ7Li values. The end of the Marinoan glaciation 
occurred abruptly with rapid deglaciation, due to an intense climatic greenhouse effect with 
>10% CO2 (Hoffman and Schrag, 2002). Low δ7Li at the onset of the deglaciation could also 
suggest riverine input with low δ7Li. This low δ7Li is suggested to be approximately 10 times 
lower than any δ7Li value recorded during the Cenozoic era (Fig. 27; Misra and Froelich, 
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2012). These results therefore suggest that the weathering conditions in the early Ediacaran 
were more intense than anything seen during the Paleocene Eocene Thermal Maximum 
(PETM), which is believed to be the most intense period of weathering during the Cenozoic 
era (Fig. 27; Misra and Froelich, 2012).  
During Snowball Earth rock flour was formed through glacial action and left exposed after 
deglaciation (Hoffman and Schrag, 2002). As greenhouse conditions dominated the Earth’s 
climate at the end of the Neoproterozoic, surface temperatures increased and carbonic acid 
fell on the frost shattered landscape and exposed rock flour (Hoffman and Schrag, 2002). The 
readily weathered rock flour exposed after deglaciation was then subject to intense silicate 
weathering. As silicate weathering intensified in the environment, CO2 began to decrease in 
the atmosphere resulting in a draw down in global temperatures forcing the atmosphere into a 
new steady state (Hoffman and Schrag, 2002). This new steady state can be seen as the δ7Li 
stabilizes over the next ~5m of the section (Fig. 20), representing the exhaustion of weathered 
glacial powders. This also illustrates that weathering intensities and seawater composition 
were returning to equilibrium. The decrease at the top of the Nuccaleena formation represents 
another increase in weathering intensity in the paleo-environment during this time period 
(Fig. 20). 
During deglaciation of the Snowball Earth, weathering conditions were intense and erosion 
rates were high. This would have increased transportation of clastic sediments down rivers 
and into the ocean. High clastic sediment fluxes could be used to support the high silicate 
mineral content at the beginning and end of the Nuccaleena formation (Fig. 22).  The high 
clastic sediment flux therefore, provides an explanation for high silicate mineral content 






Figure 27: The Li isotope seawater record over the Cenozoic era. A decrease in δ7Li with increasing age 
over 70 Ma demonstrates an increase in silicate weathering intensity up until the PETM before 
weathering intensities began to decrease (Misra and Froelich, 2012).   
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5.2.5 Implications for the emergence of the Ediacaran biota 
Extreme weathering intensity at the onset of deglaciation could have caused influxes of 
elements into the ocean. Planavsky et al. (2010) has shown that there was an increase in 
phosphorous concentrations in the aftermath of the Snowball Earth. Evidence for this 
increase in phosphorous is provided by iron formations from the Neoproterozoic. These 
formations are suggested to record an increase in phosphorus-to-iron ratios indicating a large 
flux of dissolved phosphate to the ocean at the termination of glaciation (Planavsky et al., 
2010).  
Phosphorous is a biolimiting nutrient with an important role in the storage of organic carbon 
and the oxygenation of the ocean-atmosphere system (Tyrrell, 1999, Planavsky et al., 2010). 
It is primarily sourced by continental weathering and on a geological timescale it ultimately 
limits net primary production (Tyrrell, 1999). At the end of the Marinoan glaciation, 
dissolved phosphate levels were unusually high (Planavsky et al., 2010) (Fig. 28). The 
enhanced postglacial phosphate input is thought to have increased rates of primary 
productivity and increased carbon burial. This increased carbon burial is thought to have 
caused an atmospheric and oceanic shift to more oxygen-rich conditions (Canfield et al., 
2007). Following the Snowball Earth a combination of upwelling of iron-rich waters and an 
increase in marine phosphorous concentrations have caused a nutrient surplus in the ocean, 
stimulating high rates of primary productivity (Planavsky et al., 2010) (Fig. 28).  
Evidence provided by this project suggests that the aftermath of the Snowball Earth was 
characterised by a period of high weathering intensity. These high weathering intensities 
caused an influx of silicate minerals to the ocean and a decrease in δ7Li values. This evidence 
supports the hypothesis for large influxes of nutrients to the ocean in the aftermath of the 
Snowball Earth. A large-scale nutrient flux and shift in climatic conditions are suggested to 
have paved the way for the rise of Ediacaran organisms, providing an explanation for the 





Figure 28: Model showing the progression of oceanic and atmospheric oxidation and nutrients for 




Chapter 6: Conclusions, Limitations & Perspectives  
6.1 Conclusions  
The aim of this project was to investigate the environmental change at the end of the 
Snowball Earth and the implications for the emergence of the Ediacaran organisms, by using 
δ7Li as a proxy for chemical weathering intensity. Through the analysis of mineralogy, major 
and trace elements and Li isotopes of cap carbonate samples from Elatina Creek, Flinders 
Ranges, the following conclusions were drawn:  
• The leaching experiment demonstrated that silicate minerals were not being dissolved 
during the leaching of carbonates at an HCl concentration of 0.05M. This led to the 
conclusion that 0.05M HCl was the most suitable concentration to extract Li from the 
carbonate fraction without releasing 6Li for silicate minerals. Therefore, there was no 
affect caused on the δ7Li variation from the dissolution of silicate minerals. 
• The δ7Li variation of the Elatina Creek section suggest that there were high chemical 
weathering intensities at the onset of deglaciation of the Marinoan glaciation. This 
pulse in chemical weathering possibly caused an influx of nutrients into the ocean, 
potentially stimulating the evolution of the Ediacaran biota.   
• Mineralogy analysis of the Elatina Creek section provided evidence to suggest that 
during periods of high weathering intensity there were an increased flux of clastic 
sediment that was supplied to the ocean. With high erosion rates at the end of the 
Marinoan glaciation, this flux of clastic sediment caused an increase in silicate 
minerals at the beginning and end of the Nuccaleena formation. This therefore 
providing more evidence to suggest high weathering intensity at the onset of 
deglaciation.  
• Major and trace elements provided evidence in favour of δ7Li recording the early 
Ediacaran environment. This analysis provided evidence against the effects of mineral 
abundance, diagenetic processes and light Li derived from silicate minerals on the 




6.2 Limitations and Perspectives 
The key limitations and perspectives for this project and for future geochemical and isotopic 
studies undertaking research in cap carbonates, ocean compositions and environmental 
conditions at the end of the Marinoan glaciation are as follows:  
• As δ7Li variation was conducted on dolostone, the study is potentially limited by 
whether or not dolostone truly records the δ7Li composition of the paleo-ocean. 
Further studies should be conducted to understand dolostone formation and the 
subsequent record of δ7Li composition of seawater.  
•  As this study was only conducted at one locality, it is suggested that future studies be 
undertaken to recognise the global distribution of this trend. It is recommended that 
further analysis be conducted to understand whether these results represent local or 
global weathering conditions during the deglaciation of Snowball Earth.  
• There were no replicates performed in this study due to time constraints. Therefore, it 
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Table 3: The δ7Li values and elemental ratios of the Elatina Creek section. 
Sample ID Height (m)  δ
7Li (‰) 
(2σ) Mg/Ca Li/Ca Al/Mg Sr/Mn 
EC-1 0.00 2.9 ± 0.2 1.14 0.00113 0.206 0.103 
EC-2 0.30 3.1 ± 0.2 1.34 0.000206 0.0529 0.0376 
EC-3 0.50 4.9 ± 0.2 1.38 0.000162 0.0515 0.0332 
EC-4 0.70 11.6 ± 0.2 0.865 0.0000974 0.127 0.218 
EC-5 0.80 11.1 ± 0.2 0.733 0.0000631 0.0796 0.212 
EC-6 0.95 9.7 ± 0.2 0.626 0.0000932 0.0837 1.11 
EC-7 1.05 8.1 ± 0.3 0.852 0.0000820 0.108 0.262 
EC-8 1.05 10.0 ± 0.2 0.905 0.0000806 0.0706 0.239 
EC-9 1.15 11.9 ± 0.3 0.803 0.0000909 0.0661 0.398 
EC-10 1.60 7.3 ± 0.2 1.49 0.000153 0.0507 0.368 
EC-11 1.80 9.4 ± 0.2 0.769 0.000143 0.0941 0.602 
EC-12 1.95 11.3 ± 0.1 0.369 0.0000796 0.153 0.206 
EC-13 2.00 10.3 ± 0.3 0.647 0.0000802 0.120 0.0794 
EC-14 2.30 10.8 ± 0.2 0.406 0.0000952 0.154 0.148 
EC-15 2.40 13.7 ± 0.2 0.315 0.0000718 0.161 0.430 
EC-16 2.50 9.3 ± 0.2 1.27 0.000159 0.0616 0.0628 
EC-17 3.10 10.6 ± 0.2 1.06 0.000174 0.0656 0.0602 
EC-18 3.60 9.2 ± 0.2 1.28 0.000121 0.0890 0.0530 
EC-19 4.00 9.7 ± 0.2 0.870 0.000103 0.0696 0.0805 
EC-20 4.20 9.2 ± 0.2 1.35 0.000125 0.0562 0.0572 
EC-21 4.40 9.7 ± 0.2 1.25 0.000115 0.0600 0.0396 
EC-22 4.50 9.4 ± 0.3 1.13 0.0000899 0.0583 0.0411 
EC-23 4.70 10.3 ± 0.3 1.27 0.000110 0.0707 0.103 
EC-24 4.70 8.8 ± 0.2 1.39 0.0000975 0.0556 0.0272 
EC-25 5.55 11.7 ± 0.3 1.15 0.000146 0.0945 0.261 
EC-26 5.90 9.6 ± 0.2 1.30 0.0000936 2.19 0.0387 
EC-27 6.40 7.2 ± 0.3 0.244 0.0000803 0.187 0.106 
EC-28 6.75 6.2 ± 0.3 1.36 0.000238 0.0574 0.0299 
*internal error (2σ) is reported for δ7L
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Table 4: Elemental concentrations of the Elatina Creek section. 
Sample 
ID Li (ppb) (2σ) Ti (ppb) (2σ) Mn (ppb) (2σ) Rb (ppb) (2σ) 
Sr (ppb) 
(2σ) Mg (ppb) (2σ) Al (ppb) (2σ) Ca (ppb) (2σ) 
EC-1 141 ± 5 1445 ± 70 4231 ± 50 36 ± 3 435 ± 20 142923 ± 2000 29418 ± 400 124942 ± 2000 
EC-2 44 ± 2 2767 ± 30 9147 ± 200 23 ± 1 344 ± 6 288149 ± 3000 15230 ± 500 214455 ± 7000 
EC-3 36 ± 2 2887 ± 20 9918 ± 100 14.6 ± 0.9 330 ± 6 303348 ± 7000 15628 ± 500 220466 ± 5000 
EC-4 27 ± 1 3798 ± 60 2632 ± 40 8 ± 4 572 ± 8 241905 ± 7000 30841 ± 300 279809 ± 3000 
EC-5 19 ± 3 3816 ± 50 1909 ± 20 8 ± 1 405 ± 10 217260 ± 4000 17292 ± 500 296449 ± 7000 
EC-6 28 ± 4 3980 ± 100 470 ± 30 13 ± 2 524 ± 6 190880 ± 3000 15970 ± 100 305142 ± 4000 
EC-7 22.5 ± 0.7 3511 ± 90 1322 ± 60 6.2 ± 0.5 346 ± 10 233477 ± 2000 25325 ± 1000 274037 ± 10000 
EC-8 22 ± 3 3368 ± 30 1823 ± 80 7.7 ± 0.5 435 ± 8 242331 ± 1000 17120 ± 400 267631 ± 6000 
EC-9 25 ± 2 3562 ± 30 977 ± 30 14 ± 1 389 ± 2 222691 ± 400 14717 ± 300 277168 ± 10000 
EC-10 34 ± 3 2850 ± 40 775 ± 7 11.2 ± 0.3 285 ± 5 330474 ± 3000 16745 ± 1000 222108 ± 6000 
EC-11 39 ± 6 3520 ± 50 586 ± 9 24 ± 1 352 ± 5 210457 ± 7000 19800 ± 300 273499 ± 3000 
EC-12 28 ± 4 4574 ± 90 1769 ± 30 8 ± 2 364 ± 6 129629 ± 3000 19876 ± 400 350893 ± 2000 
EC-13 23 ± 1 3776 ± 60 3698 ± 100 15 ± 1 294 ± 3 188721 ± 6000 22657 ± 300 291885 ± 10000 
EC-14 32 ± 2 4436 ± 50 2241 ± 30 9 ± 2 333 ± 2 138340 ± 5000 21370 ± 300 341009 ± 8000 
EC-15 25 ± 2 4703 ± 40 798 ± 10 9.3 ± 0.6 343 ± 3 111577 ± 5000 17981 ± 300 354649 ± 5000 
EC-16 38 ± 2 3138 ± 80 5411 ± 60 10.2 ± 0.3 340 ± 6 303797 ± 4000 18711 ± 1000 238687 ± 8000 
EC-17 43 ± 1 3255 ± 40 5403 ± 100 8.0 ± 0.4 325 ± 10 264042 ± 6000 17315 ± 700 248233 ± 5000 
EC-18 28 ± 2 2973 ± 100 5159 ± 100 7.1 ± 0.6 273 ± 2 299224 ± 10000 26636 ± 600 233367 ± 4000 
EC-19 27 ± 1 3528 ± 20 4416 ± 100 10.7 ± 0.5 355 ± 9 229029 ± 7000 15948 ± 700 263274 ± 7000 
EC-20 27.2 ± 0.4 2933 ± 50 4587 ± 70 13.0 ± 0.1 262 ± 2 293130 ± 10000 16483 ± 300 217575 ± 5000 
EC-21 26 ± 3 2865 ± 40 7240 ± 300 6.0 ± 0.9 287 ± 7 278962 ± 3000 16749 ± 300 223077 ± 8000 
EC-22 21 ± 2 3082 ± 90 6507 ± 10 4 ± 1 268 ± 3 264207 ± 7000 15395 ± 800 234847 ± 6000 
EC-23 24 ± 1 2858 ± 40 2880 ± 40 15.2 ± 0.6 296 ± 10 284282 ± 10000 20111 ± 400 223205 ± 7000 
EC-24 21.1 ± 0.2 2796 ± 80 9000 ± 100 18.3 ± 0.3 245 ± 3 300235 ± 4000 16708 ± 200 216169 ± 3000 
EC-25 34 ± 1 3122 ± 90 2312 ± 70 8 ± 1 603 ± 20 269339 ± 3000 25441 ± 300 233610 ± 1000 
EC-26 20 ± 3 2888 ± 90 8001 ± 80 12.6 ± 0.4 310 ± 5 282826 ± 800 620447 ± 20000 217793 ± 2000 
EC-27 28 ± 2 4563 ± 100 3126 ± 80 19.0 ± 0.5 331 ± 4 83579 ± 1000 15639 ± 600 342691 ± 4000 
EC-28 47 ± 1 2718 ± 100 11373 ± 300 22 ± 1 340 ± 4 269043 ± 10000 15440 ± 1000 197159 ± 9000 

















*internal error (2σ) is reported for δ7Li. 
 
 




(2σ) Ti (ppb) (2σ) Mn (ppb) (2σ) 
Rb (ppb) 
(2σ) Sr (ppb) (2σ) Mg (ppb) (2σ) Al (ppb) (2σ) Ca (ppb) (2σ) 
2522 20 ± 8 4164 ± 1000 9580 ± 2000 16 ± 10 299 ± 60 161964 ± 6000 151 ± 70 3151148 ± 100000 
2523 29 ± 20 6621 ± 1000 19820 ± 3000 17 ± 20 501 ± 200 353269 ± 40000 242 ± 100 3407076 ± 300000 
2524 32 ± 4 5854 ± 2000 26419 ± 10000 14 ± 3 682 ± 80 538942 ± 100000 637 ± 90 3206832 ± 700000 
2525 38 ± 20 11401 ± 900 39001 ± 2000 14 ± 6 869 ± 300 811816 ± 20000 712 ± 300 3612807 ± 100000 
2526 51 ± 10 11786 ± 3000 49027 ± 10000 14 ± 2 1256 ± 200 1257555 ± 60000 849 ± 100 3984821 ± 60000 
2527 81 ± 5 19786 ± 4000 73200 ± 10000 16 ± 2 1998 ± 70 2209048 ± 200000 2024 ± 200 4867539 ± 400000 
2528 115 ± 10 26626 ± 4000 91826 ± 10000 25 ± 2 2488 ± 200 2864139 ± 900000 18108 ± 1000 5649202 ± 2000000 
2529 110 ± 30 29676 ± 3000 94762 ± 9000 28 ± 7 2300 ± 600 3245390 ± 20000 18136 ± 4000 6714229 ± 80000 
2530 162 ± 30 30991 ± 10000 102448 ± 30000 68 ± 10 2300 ± 400 3317024 ± 600000 24019 ± 4000 6406720 ± 1000000 







(2σ) Mg/Ca Sr/Mn Li/Ca Al/Mg 
2522 0.05 9.5 ± 0.3 0.0514 0.0312 0.00000627 0.000932 
2523 0.10 8.0 ± 0.4 0.104 0.0253 0.00000841 0.000684 
2524 0.15 7.3 ± 0.3 0.168 0.0258 0.0000101 0.00118 
2525 0.20 7.1 ± 0.3 0.225 0.0223 0.0000106 0.000877 
2526 0.30 7.6 ± 0.2 0.316 0.0256 0.0000129 0.000675 
2527 0.50 7.0 ± 0.1 0.454 0.0273 0.0000166 0.000916 
2528 0.80 6.8 ± 0.2 0.507 0.0271 0.0000203 0.00474 
2529 1.00 6.3 ± 0.1 0.483 0.0243 0.0000164 0.00677 
2530 6.00 4.0 ± 0.1 0.518 0.0224 0.0000252 0.00981 
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 (wt %) 
Dolomite 









 (wt %) 
Chlorite 
 (wt %) 
Illite (wt %) 
Muscovite  
(wt %) 
EC-1   -     -     -     -     -     -     -     -     -     -   
EC-2 10.8 ± 1.16 0 ± 0.54 35 ± 2.03 0.9 ± 0.6 0.1 ± 3.02 0 ± 0.28 2.1 ± 1.18 2.7 ± 0.99 0 ± 1.59 14.8 ± 1.79 
EC-3 1.7 ± 0.41 0.2 ± 0.2 63.4 ± 1.36 3.6 ± 0.26 1.3 ± 1.12 0 ± 0.1 1.7 ± 0.5 1.2 ± 0.37 0 ± 0.6 6.6 ± 0.68 
EC-4 0 ± 0.41 4.6 ± 0.21 80.1 ± 1.71 6.4 ± 0.29 0.8 ± 1.11 0 ± 0.1 1.1 ± 0.53 0 ± 0.38 0.8 ± 0.59 2.1 ± 0.69 
EC-5 0 ± 0.42 3 ± 0.21 83.5 ± 1.83 4.5 ± 0.29 0.6 ± 1.15 0.2 ± 0.11 0.5 ± 0.54 0 ± 0.39 0 ± 0.61 4.8 ± 0.7 
EC-6 0 ± 0.42 7.9 ± 0.26 73.9 ± 1.62 6.2 ± 0.3 0 ± 1.14 0.1 ± 0.11 0.3 ± 0.54 0 ± 0.39 0 ± 0.61 6.6 ± 0.69 
EC-7 0 ± 0.4 2.4 ± 0.2 83.4 ± 1.73 4.8 ± 0.27 0.4 ± 1.08 0.1 ± 0.1 0.5 ± 0.51 0 ± 0.37 0 ± 0.58 4.6 ± 0.66 
EC-8 0 ± 0.4 1.9 ± 0.19 83.3 ± 1.72 6.4 ± 0.28 0 ± 1.07 0 ± 0.1 0.4 ± 0.51 0 ± 0.37 0.1 ± 0.57 3.6 ± 0.66 
EC-9 0 ± 0.41 2.6 ± 0.2 80.9 ± 1.74 6.4 ± 0.29 0.2 ± 1.12 0 ± 0.1 0.3 ± 0.54 0 ± 0.38 0 ± 0.6 4.6 ± 0.68 
EC-10 0 ± 0.44 0.8 ± 0.21 79.2 ± 1.82 10 ± 0.35 0.7 ± 1.19 0.1 ± 0.11 0.3 ± 0.59 0 ± 0.41 1.1 ± 0.63 4.1 ± 0.73 
EC-11 0.1 ± 0.42 3.7 ± 0.21 74.9 ± 1.66 10.4 ± 0.34 0.7 ± 1.15 0 ± 0.11 0.6 ± 0.56 0 ± 0.39 1.3 ± 0.61 1.9 ± 0.72 
EC-12 0 ± 0.43 6.3 ± 0.24 73.3 ± 1.66 5 ± 0.3 1.4 ± 1.18 0 ± 0.11 0.9 ± 0.56 0 ± 0.4 0 ± 0.63 8.5 ± 0.71 
EC-13 0 ± 0.39 7.1 ± 0.23 70.1 ± 1.41 6.4 ± 0.27 0.4 ± 1.04 0 ± 0.1 0.3 ± 0.51 0 ± 0.36 0.3 ± 0.56 6.1 ± 0.63 
EC-14 0 ± 0.38 5.8 ± 0.21 73.8 ± 1.44 8.2 ± 0.28 0.4 ± 1.02 0 ± 0.09 1.4 ± 0.49 0 ± 0.35 0 ± 0.55 5.4 ± 0.62 
EC-15 0 ± 0.4 10.8 ± 0.29 71 ± 1.49 5.8 ± 0.28 1.2 ± 1.09 0 ± 0.1 0.7 ± 0.52 0 ± 0.37 0 ± 0.58 6.3 ± 0.66 
EC-16 0 ± 0.43 0.8 ± 0.21 78.7 ± 1.76 10.8 ± 0.35 0.6 ± 1.16 0.1 ± 0.11 0.3 ± 0.57 0 ± 0.4 1.2 ± 0.61 4.7 ± 0.71 
EC-17 0 ± 0.4 1.7 ± 0.2 77.8 ± 1.63 9.9 ± 0.32 0.1 ± 1.09 0.1 ± 0.1 0.4 ± 0.54 0 ± 0.37 0.3 ± 0.58 5.6 ± 0.66 
EC-18 0.3 ± 0.4 0.8 ± 0.2 78.9 ± 1.66 7.2 ± 0.29 0.8 ± 1.09 0 ± 0.1 1.1 ± 0.53 0 ± 0.37 0.8 ± 0.58 2.6 ± 0.68 
EC-19 0.1 ± 0.41 2.1 ± 0.2 78.4 ± 1.66 7.2 ± 0.29 0.9 ± 1.1 0 ± 0.1 0.3 ± 0.54 0 ± 0.38 0.9 ± 0.58 1.8 ± 0.69 
EC-20 0.8 ± 0.4 1.8 ± 0.2 77.9 ± 1.63 6.3 ± 0.28 0.4 ± 1.1 0 ± 0.1 0.4 ± 0.52 0 ± 0.37 0.6 ± 0.58 2.7 ± 0.68 
EC-21 1.2 ± 0.33 0.4 ± 0.16 76.7 ± 1.32 5.6 ± 0.23 0.9 ± 0.9 0 ± 0.08 0.6 ± 0.43 0 ± 0.3 1.1 ± 0.47 2.9 ± 0.55 
EC-22 0 ± 0.38 1.4 ± 0.18 83 ± 1.64 5.8 ± 0.26 0 ± 1.03 0 ± 0.1 0.7 ± 0.49 0 ± 0.35 0.2 ± 0.55 2.8 ± 0.64 
EC-23 0.9 ± 0.38 1.2 ± 0.18 76.2 ± 1.5 6.4 ± 0.27 0.2 ± 1.03 0 ± 0.1 0.8 ± 0.48 0 ± 0.35 0 ± 0.55 5.5 ± 0.62 
EC-24 1 ± 0.48 0.3 ± 0.24 77.2 ± 1.96 7.9 ± 0.36 0 ± 1.31 0 ± 0.12 0.9 ± 0.63 0 ± 0.45 0 ± 0.71 4.3 ± 0.81 
EC-25 1.5 ± 0.41 1.2 ± 0.2 78.3 ± 1.67 5.9 ± 0.28 0 ± 1.1 0 ± 0.1 0.3 ± 0.53 0 ± 0.38 1 ± 0.59 2.2 ± 0.69 
EC-26 5.1 ± 0.41 1.1 ± 0.2 70.3 ± 1.5 2.1 ± 0.26 0.2 ± 1.12 0 ± 0.1 1 ± 0.49 0.2 ± 0.38 0 ± 0.6 6.2 ± 0.68 
EC-27 3.5 ± 0.41 17.1 ± 0.41 43.9 ± 0.97 2 ± 0.25 1.3 ± 1.14 0 ± 0.11 2.5 ± 0.52 1.9 ± 0.38 0 ± 0.61 12 ± 0.69 
EC-28 7.8 ± 0.51 0.3 ± 0.25 32.8 ± 0.89 2.6 ± 0.28 0.9 ± 1.38 0 ± 0.13 3.1 ± 0.62 5.7 ± 0.46 0 ± 0.73 21.2 ± 0.86 
